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ABSTRACT 

The f irst  18 months of  work on NGR-44-012-043, Research on D i g i t a l  Transducer 

P r i n c i p l e s ,  has produced a number o f  p r a c t i c a l  d i g i t a l  t r ansduce r  concepts and has 

seen t h e  i n i t i a t i o n  of  s e v e r a l  new l i n e s  o f  research which c l e a r l y  a r e  new con t r ibu t ions  

t o  ins t rumenta t ion .  Previous r e p o r t s  described success fu l  d i g i t a l  t r ansduce r  f o r  

measuring temperature  or magnetic f i e l d  i n  a cryogenic environment. 

us ing  th in - f i lm  phenomena compatible wi th  s i l i c o n  i n t e g r a t e d - c i r c u i t  technology have 

been r epor t ed  cn. A deeper understanding of metal-polymer-silicon s t r u c t u r e s  i s  seen 

i n  t h i s  volume. I n  p a r t i c u l a r ,  t h e  necessary m a t e r i a l s  p r o p e r t i e s  f o r  t h e  sharp  

d i s c o n t i n u i t y  i n  conduct iv i ty  of MPS devices  a re  descr ibed .  

been more exhaus t ive ly  s tud ied  and i t s  r o l e  i n  development of d i g i t a l  MIS t r ansduce r s  

i s  discussed.  

New p r i n c i p l e s  

The polymer i t s e l f  has 

Addi t iona l  progress  has been made i n  exot ic  d i e l e c t r i c s  t o  use as a c t i v e  t r a n s -  

ducer m a t e r i a l  i n  MIS s t r u c t u r e s .  T i t a n i u m  dioxide has been s u c c e s s f u l l y  depos i ted  

from a chemical vapor. 

r epor t ed  i n  Vol, I V  of t h e  F i r s t  Annual Report, t o  a material which can a l t e r  t h e  

charge t r a n s p o r t  by response t o  an externam st imulus.  

films a r e  given as t h e  r e s u l t s  of pre l iminary  measurements. 

This i s  one more s t e p  from pass ive  d i e l e c t r i c s ,  such as S i  N 3 4  

P r o p e r t i e s  o f  t i t an ium dioxide 

Two new areas of d i g i t a l  t r ansduce r  behavior a r e  r epor t ed  I n  some d e t a i l ,  

Prev ious ly  t h e  p h o t o d i e l e c t r i c  e f f e c t  w a s  descr ibed i n  s i l i c o n  and germanium as a 

b a s i s  for o p t i c a l l y  tun ing  a resonant cav i ty .  

as t h e  analog inpu t  and produces a frequency change as a d i g i t a l  response.  

width of  t h a t  d e t e c t o r  i s  above a megacycle. During t h e  pe r iod  of t h i s  r e p o r t  a 

p a r a l l e l  s tudy  on s i lver-doped cadmium-sulphide revea led  a new kind of  p h o t o d i e l e c t r i c  

The t r ansduce r  accepts  l i g h t  i n t e n s i t y  

The band- 

i v  



response which produces a frequency change propor t iona l  t o  t h e  i n t e g r a l  of l i g h t  

i n t e n s i t y .  

l i g h t  approximately l m i c r o w a t t  i n  i n t e n s i t y  was observed i n  an 825 MHz c a v i t y .  

e f f e c t  i s  shown t o  be app l i cab le  a t  o the r  wavelengths wi th  s u i t a b l e  s e l e c t i o n  of m a t e r i a l s ,  

The i n f i n i t e  l i f e t i m e  of  t h e  t rapped  c a r r i e r s  i s  a disadvantage which can be over- 

come by mechanical v i b r a t i o n  or s e l e c t i n g  ma te r i a l s  wi th  shal lower t r a p s  such as 

aluminum. 

0 
A frequency change of  about 1 . 2  KHz p e r  minute f o r  a continuous 4800 A 

This 

The second new a r e a  of  d i g i t a l  behavior i s  e l abora t ed  on f o r  t h e  f i r s t  t ime i n  

t h i s  r e p o r t .  A recent  development by D r .  D. I. Tchernev on d i g i t a l  information 

s t o r a g e  a t  JPL i s  being continued at The Universi ty  o f  Texas under h i s  d i r e c t i o n .  

Magrietic: till11 fiirns uf i h B i  iiave been shown capable o f  s t o r i n g  magnetic b i t s  which 

a r e  l e s s  t han  one micron i n  diameter.  Writing i s  done by a l a s e r .  We w i l l  propose 

t o  provide p a r t i a l  support  t o  t h i s  work i n  the  f u t u r e .  

Each phase of t h i s  r e sea rch  program i s  being examined t o  determine f u t u r e  

emphasis, p a r t i c u l a r i l y  i n  response t o  s p e c i f i c  NASA requirements .  



I. PREFACE 

The program of r e sea rch  i s  a search f o r  discontinuous or d i g i t a l  behavior i n  

n a t u r e  which could be e x p l o i t e d  i n  t h e  design o f  a new c l a s s  o f  t r ansduce r s .  This 

concept i s  c l e a r l y  a bold one. No g r e a t  assurance could have been given at t h e  

beginning t h a t  what had not been found previously by o t h e r s  would now be discovered, 
I 

I It has become apparent ,  however, t h a t  such phenomena e x i s t .  Considerable in -  

genui ty  i s  o f t en  r equ i r ed  t o  b r i n g  about t h e  proper c i rcumstances,  and much ha rd  work 

must s t i l l  be done t o  g e t  c o n s i s t e n t  results.  None-the-less, several completely 

I f e a s i b l e  d i g i t a l  t r ansduce r s  have already been descr ibed.  
I 

This r e p o r t  comes at t h e  th ree -qua r t e r  point i n  t h e  g ran t  per iod.  It r e f l e c t s  

cont inuing progress  along several f r u l t f u l  paths.  Only a f r a c t i o n  o f  t h e  u s e f u l  ideas 

have been pursued t o  a l o g i c a l  conclusion, The cu r ren t  work being r epor t ed  he re  i s  

i n  a s t a t e  o f  a c t i v e  research.  Much has reached t h e  development of  technology, and 

t h e  res t  i s  i n  var ious s t a g e s  o f  emergence from a sound concept t o  a p r a c t i c a l  device. 

A renewal proposal  for s t e p s  funding w i l l  be submitted p r i o r  t o  t h e  F i n a l  Report. 

1 



11. METAL-INSULATOR-SILICON "TUNNELING" DIGITAL DEVICES 

Previous r e p o r t s  have descr ibed i n  some d e t a i l  a proposed d i g i t a l  t ransducer  

using e l e c t r o n  t r a n s p o r t  phenomenon between a meta l  and a semiconductor separa ted  

by a very t h i n  polymer i n s u l a t o r .  

only t h e  t h i n n e s t  f i l m s ,  t h e  designat ion MIS "Tunneling" D i g i t a l  Devices i s  only a 

convenient one .  The theory  expla in ing  t h i s  non-linear cur ren t  i n  a metal- insulator-  

semiconductor (MIS) sample w a s  proposed by Wilmsen. 

theory  t h a t  p e r t a i n  t o  t h e  immediate development of  t h e  device are r e c a l l e d  i n  a 

following sec t ion .  Subsequent work, reported i n  Vols. I ,  I1 and I11 of t h e  F i r s t  

Annual Report explored i n  some d e t a i l  t h e  non-linear cur ren t  mechanism between two 

rnetai p i a t e s  s epa ra t ed  by a very t h i n  poiymer i n s u l a t o r .  

done wi th  metal- insulators-metal  samples (MIM) t h e  e l e c t r o n  t r a n s p o r t  mechanisms a r e  

i d e n t i c a l  with those  i n  an MIS device.  Addit ional ly ,  it allowed a more d e t a i l e d  in-  

v e s t i g a t i o n  of  t h i n  polymer f i lm  technology t o  be pursued. 

Although successfu l  MIS samples had Seen cons t ruc ted  by Wilmsen i n  h i s  work 

mentioned e a r l i e r  it w a s  f e l t  t h a t  i n  order  t o  assure  accura te  and cons i s t en t  r e s u l t s  

i n  t h e  present  e f f o r t  a c e r t a i n  amount of work had t o  be done on t h e  MIS device 

technology s i n c e  it d i f f e r s  appreciably from t h a t  used t o  f a b r i c a t e  M I M  j unc t ions .  

A l a r g e  p o r t i o n  of t h e  work done during t h i s  r e p o r t  per iod  w a s  o r i en ted  toward t h i s  

end and w i l l  be repor ted  below. 

Since tunnel ing i s  t h e  dominant mechanism f o r  

The s a l i e n t  po in t s  of  t h i s  

Aithougn tnis work was 

A number of MIS samples were constructed during t h i s  pe r iod ,  t h e  exact  na tu re  

of t h e  sample depending on t h e  ex ten t  of t h e  t echno log ica l  development. The 

experimental  data from t h e s e  samples w i l l  be summarized and analyzed at t h e  end of  

t h i s  r e p o r t .  

2 
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I B. THEORETICAL CONSIDERATIONS 

The proposed d i g i t a l  t ransducer  i s  based on t h e  performance of an MIS junc t ion  

when an e x t e r n a l  b i a s  i s  appl ied.  The V-I  c h a r a c t e r i s t i c ,  as r epor t ed  p rev ious ly ,  

can be expressed,  somewhat i d e a l y ,  by t h e  curve below: 

, A s  can be seen ,  t h e  cu r ren t  through the  device inc reases  exponent ia l ly  with t h e  
i 

I 
' 
, appl ied .  I f  t h e  p o l a r i t y  of  t h e  b i a s  i s  reversed,  no s a t u r a t i o n  i s  seen and t h e  cur- 

r e n t  cont inues t o  inc rease  exponent ia l ly  w i t h  b i a s .  Put q u i t e  simply, t h e  s a t u r a t i o n  

e f f e c t  depends upon t h e  formation of  a deplet ion l a y e r  i n  t h e  su r face  states ad jacent  

t o  t h e  i n s u l a t o r ,  For N t ype  semiconductor t h i s  dep le t ion  l a y e r  i s  formed by 

applying t h e  p o s i t i v e  b i a s  t o  t h e  semiconductor and t h e  nega t ive  t o  t h e  f i e l d  p l a t e .  

For P type  materials t h e  opposi te  p o l a r i t y  will achieve t h e  same e f f e c t .  Reversing 

t h e  p o l a r i t y  f o r  . e i t h e r  type  of m a t e r i a l  w i l l  not only c r e a t e  a dep le t ion  region 

but  w i l l  f l ood  t h e  su r face  s t a t e s  wi th  mobile ma jo r i ty  c a r r i e r s  making t h e  semi- 

conductor appear "metal-l ike" and cause t h e  sample t o  d i sp l ay  c h a r a c t e r i s t i c s  similar 

t o  M I M  devices .  

app l i ed  b i a s  up t o  a c e r t a i n  po in t  and then  becomes roughly independent of t h e  vo l t age  

, 

The r e v e r s e  b i a s  c h a r a c t e r i s t i c s ,  as sketched above, may be broken i n t o  t h r e e  

reg ions .  The f irst  reg ion ,  1, i s  charac te r ized  by an exponent ia l  i nc rease  i n  cur ren t  

wi th  app l i ed  b i a s .  

formed and t h e  device performance i s  t h a t  of an M I M  sample. 

i s  determined s o l e l y  by t h e  i n s u l a t o r  th ickness ,  t h e  s p e c i f i c  e l e c t r o n  t r a n s p o r t  

mechanism at work and c e r t a i n  cons tan ts  of the i n s u l a t o r  i t s e l f .  The slopemay a l s o  

be a s l i g h t  func t ion  of age and e l e c t r i c a l  s t r e s s  as was previous ly  observed and 

repor ted .  

I n  t h i s  reg ion ,  t h e  semiconductor dep le t ion  region has not  y e t  

The s lope  of t h i s  reg ion  
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The second region or knee of t h e  curve i s  a c t u a l l y  t h e  onset  of t h e  dep le t ion  

region.  

value i s  a func t ion  of  t h e  r a t e  of exaust ion o f  t h e  su r face  s t a t e s  and t h e  underlying 

bulk s t a t e .  

The r a t e  a t  which t h e  s lope changes from a l 'vertical ' l  t o  a "hor izonta l"  

The t h i r d  region corresponds t o  t h e  deplet ion l a y e r  growth. The s lope  i n  

t h i s  region i s  inve r se ly  propor t iona l  t o  t h e  deple t ion  growth ra te .  

be " f l a t "  i f  t h e  deple t ion  l a y e r  grows as l e a s t  as fast as t h e  b i a s  i s  increased  across  

t h e  sample s i n c e  t h e  e l e c t r i c  f i e l d  across  the i n s u l a t o r  w i l l  remain cons tan t .  If 

t h e  bulk s ta te  dens i ty  i s  comparable t o  t h e  surface s t a t e  dens i ty  and both a r e  f a i r l y  

l a r g e  then  t h e  s lope  i n  t h i s  region w i l l  be la rge  and t h e  s a t u r a t i o n  e f f e c t  w i l l  not  

be pronounced. 

The s lope  w i l l  

I n  order  t o  make an e f f e c t i v e  device,  the sample should have c h a r a c t e r i s t i c s  t h a t  can 

be a s soc ia t ed  wi th  t h e  t h r e e  opera t ing  regions mentioned above. 

cu r ren t  should r ise rap id ly  with an inc rease  i n  b i a s .  A f a c t o r  of  t e n  inc rease  i n  

t h e  cu r ren t  wi th  less t han  1/2 volt i nc rease  i n  b i a s  seems q u i t e  poss ib l e .  

s lope  can be achieved by using a s u f f i c i e n t l y  t h i n  i n s u l a t o r ,  i . e ,  one l e s s  than  100 A 

so  t h a t  t h e  n a t u r a l  l o g  of t h e  cur ren t  w i l l  be p ropor t iona l  t o  t h e  appl ied  b i a s  r a t h e r  

than  t h e  square root  of t h e  b i a s ,  It w i l l  then be r equ i r ed  t h a t ,  once t h e  deple t ion  

region begins t o  form, it w i l l  grow r a p i d l y ,  A r ap id  growth of t h e  dep le t ion  l a y e r  

w i l l  cause t h e  cu r ren t  t o  switch from an exponent ia l  i nc rease  with b i a s  t o  an func t ion  i n -  

dependent of b i a s .  This t r a n s i s t i o n  region w i l l  be minimal i f  t h e  su r face  p rope r t i e s  

quickly g ive  way t o  t h e  bulk p rope r t i e s  and i f  t h e  two a r e  markedly d i f f e r e n t .  

a l t e l y ,  t h e  r e s o l u t i o n  of t h e  device w i l l  depend on what range of  b i a s  it t akes  t o  

inc rease  t h e  cu r ren t  by an appreciable  f ac to r  and then  switch t h e  device i n t o  t h e  

s a t u r a t i o n  mode. Once s a t u r a t i o n  has been achieved, t h e  cur ren t  through t h e  sample 

should be as independent of t h e  b i a s  as poss ib le .  This can be achieved only i f  t h e  

I n i t i a l l y ,  t h e  

This 
0 

U l t i m i -  
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sample i s  l ack ing  i n  charge s i t e s  caused e i t h e r  by impuri ty  doping or mechanical 

imperfec t ions .  

Thus, it w a s  f e l t  t h a t  t h e  present  research e f f o r t  should be cen te red  around 

t h e s e  requirements : 

0 
1. The i n s u l a t o r  must be approximately 100 A t h i c k .  It would be d e s i r a b l e  t o  

decrease t h i s  t h i ckness  even f u r t h e r  bu t  t h e  f a i l u r e  r a t e  due t o  i n s u l a t o r  imperfect ion 

i n c  r e as e s r a p  i dly, 

2. The su r face  s t a t e  dens i ty  of  t h e  semiconductor must be markedly h igher  than  

t h a t  of t h e  bulk  and kept l o c a l i z e d  a t  t h e  sur face .  This quan t i ty  may be c o n t r o l l e d  

by varying t h e  method of s u r f a c e  p repa ra t ion  such as us ing  mechanical r a t h e r  t han  

chemical polish or vice-versa ,  t h e  su r face  s t a t e  dens i ty  f o r  a mechanically pol i shed  

sample being apprec iab le  h ighe r  t han  t h a t  for  a chemical po l i shed  sample. 

3 .  The mobile and l o c a l  charge dens i ty  i n  t h e  bulk of  t h e  m a t e r i a l  should be 

low. High r e s i s t i v i t y  s i l i c o n  wi th  a low mechanical defec t  dens i ty  must be used, 

C ,  EXPERIMENTS PERFORMED 

Extensive work has a l ready  been performed on t h e  polymer d i e l e c t r i c  t o  be used 

wi th  t h e  MIS devices  and a por t ion  of t h e  r e s u l t s  have been included i n  a previous 

r e p o r t .  These experiments employed t h e  polymer as an i n s u l a t o r  i n  simple metal-  

i n su la to r -me ta l  capac i to r s .  This  configurat ion involved two s t r i p s  of evaporated 

aluminum i n  t h e  form of a c ross  and separa ted  where they  i n t e r s e c t  by t h e  polymer. 

The whole device w a s  b u i l t  on a g l a s s  s l i d e  shown i n  t h e  f i g u r e  below. Contact w a s  

made wi th  t h e  c a p c i t o r  e l ec t rodesa t  t h e s e  ex t r emi t i e s  by bear ing  down on them with 

screws from a sample holder .  

p o s i t i v e  method wi th  which they  were made. It i s  obvious,  however, t h a t  any MIS 

devices  r e q u i r e  a completely d i f f e r e n t  conf igura t ion .  The semiconductor wafer re -  

No contac t  problem were ever  encountered because of t h e  
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p laces  both t h e  s u b s t r a t e  and t h e  bottom e l ec t rode  as shown i n  t h e  f i g u r e  and hence, 

t h e  t o p  e l e c t r o d e  cannot overlap t h e  i n s u l a t o r  and extend onto t h e  semiconductor 

i t s e l f  or a s h o r t  c i r c u i t  w i l l  occur. 

I n  e f f e c t ,  t h e  t o p  e l e c t r o d e s  are r equ i r ed  t o  " f loa t "  on t h e  i n s u l a t o r .  

cludes a d i r e c t  p re s su re  contact  w i t h  them because of  t h e  d e l i c a t e  na tu re  of  t h e  

support ing i n s u l a t o r .  Thus, methods f o r  making p o s i t i v e  contact  t o  t h i s  t o p  e l e c t r o d e  

and t h e  backside o f  t he  silicon si.i.hst.rn_t.e l?n_c! tc he c ? ~ ~ . r i c ~ c ? .  

This pre- 

A series o f  experiments were conducted with t h e  above MIS conf igu ra t ion  t o  

e s t a b l i s h  a means o f  con tac t  with t h e  t o p  metal e l e c t r o d e  which, i n i t i a l l y ,  w a s  

evaporated a lumimum.  Bringing a metal probe d i r e c t l y  down on t h e  f i e l d  p l a t e s  

proved f r u i t l e s s  i n  a l l  a t tempts  demonstrating t h e  f r a g i l i t y  of  t h e  i n s u l a t o r .  It 

w a s  f e l t  t h a t  whatever d i d  a c t u a l l y  con tac t  the  e l e c t r o d e  would have t o  do s o  with 

a minimum o f  f o r c e  and spread whatever force it d id  e x e r t  evenly over t h e  e n t i r e  metal 

p l a t e  . I n  o r d e r  t o  achieve t h i s ,  a s m a l l  "blob" of  GaIn e u t e c t i c  ( i n  t h i s  case a 

l i q u i d  s l u s h  a t  room temperature)  was at tached t o  t h e  t i p  of  t h e  m e t a l  probe and 

t h e  probe brought nea r  t h e  e l ec t rode  so  t h a t  only t h e  "blob" would touch it .  

T h e o r e t i c a l l y ,  t h e  f i e l d  p l a t e  would respond t o  t h e  l i g h t  even p res su re  of  t h e  blob 

by making con tac t  and, i n  t u r n ,  t h e  blob would make con tac t  t o  t h e  t e s t  probe. A 

number of  experiments u s ing  a l u m i m u m  e l ec t rodes  over i n s u l a t o r s  o f  moderate t h i c k -  

ness  ( $  150 A )  showed t h a t  t h i s  was not  always t h e  case.  I n  t h e  l a r g e  ma jo r i ty  of 

cases  p h y s i c a l  con tac t  t o  t h e  e l ec t rode  could be made without punctur ing t h e  i n s u l a t o r  

0 
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however, t h e  e l e c t r o d e  contact  made w a s  always i n t e r m i t t a n t  and d a t a  which w a s  d i r -  

e c t l y  dependent on t h e  q u a l i t y  o f  t h e  e l e c t r i c a l  con t r ac t  w a s  unreproducable. When 

t h e  blob w a s  withdrawn from t h e  aluminum surface l i t t e r  o r  no t r a c e  of t h e  e u t e c t i c  

could be seen t o  remain. It w a s  concluded t h a t  t h e  GaIn d i d  not  w e t  t h e  su r face  

of t h e  aluminum f o r  one reason or another  and, t h a t  i n  o rde r  t o  o b t a i n  good e l e c t r i c a l  

c o n t a c t ,  wet t ing a c t i o n  would have t o  t a k e  place,  

A t h i r d  group o f  samples were made using gold,  s i l v e r ,  t i n ,  l e a d ,  and n i c k e l  

t o p  e l e c t r o d e s .  Seve ra l  i n t e r e s t i n g  pieces  of d a t a  came out of  t h i s  experimentation 

and t h e  results qeed f u r t h e r  a n a l y s i s .  The majori ty  o f  samples made with gold 

e l e c t r o d e s  proved t o  be good but  t h e  GaIn e u t e c t i c  a t t acked  t h e  gold vigorously and 

W L L ~ I L  p r v u t .  was lifted, t h e  IzeiiiainiIig golCi was i i f i e d  away. This process  gave 

r ise  t o  e l e c t r i c a l  c h a r a c t e r i s t i c s  which were e r r a t i c  and unsu i t a lbe .  

ma jo r i ty  of  samples made with t h e  o t h e r  metals  ( s i l v e r ,  t i n ,  l e a d ,  and n i c k e l )  y i e l d e d  

s h o r t  c i r c u i t s .  The GaIn blob made good e l e c t r i c a l  contact  t o  t h e s e  metals as 

wi tnesses  by s u r f a c e  we t t ing  but  i n  almost every case,  t h e  sample w a s  sho r t ed .  To 

i n s u r e  t h a t  t h e  f a i l u r e s  were a funct ion of the m e t a l  used and not a func t ion  o f  t h e  

blob con tac t  an a d d i t i o n a l  group of  samples were made i n  t h e  c ros s  conf igu ra t ion  

i n  which con tac t  could be made without d i s t rub ing  t h e  i n s u l a t o r  a t  a l l .  I n  each of  

t h e s e  cases  t h e  results were again nega t ive ,  i . e .  , t h e  samples were a l l  sho r t ed .  

Between at tempts  with t h e  d i f f e r e n t  metals  a number o f  samples were made wi th  aluminum 

e l e c t r o d e s  ( i n  bo th  t h e  ' 'cross" and "dot" conf igu ra t ion )  and i n  each case t h e  samples 

measured good, Hence, it was f e l t  t h a t  t h e  high i n c i d e n t s  of  s h o r t  c i r c u i t s  w a s  a 

func t ion  of  t h e  e l e c t r o d e  metal used and not of t h e  conf igu ra t ion  or con tac t  method. 

, --la LL - ....- t. . 

The l a r g e  

On a number of d i f f e r e n t  basis, it would appear t h a t  t h i s  phenomena mentioned 

above has no obvious,  l o g i c a l  explanat ion.  All o f  t h e  metals  used had b o i l i n g  p o i n t s  
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near  t h a t  o f  aluminum so  t h a t  t h e  impact energy of vaporized metal atoms a r r i v i n g  

at t h e  i n s u l a t o r  would be roughly cons tan t .  

metals, charac te r ized  by low atomic mob i l i t i e s ,  would t end  t o  f i l l  i n  pinholes  

and microf i ssures  and thereby cause s h o r t s ,  then it would seem t h a t  aluminum would 

y i e l d  poor r e s u l t s  and gold  and s i l v e r  would give t h e  bes t  y i e l d s ,  This ,  of course,  

w a s  not found t o  be t r u e ,  Hence, it would seem t h a t  t h e  only immediate explanat ion 

i s  t h a t  aluminum i s  a "slow d i f f u s e r "  i n  t h e  polymer i n s u l a t o r  while t h e  o the r s  

assume a "faster" or more a c t i v e  r o l e .  

If one would expect t h a t  t h e  " r ep l i ca t ing"  

A t  t h i s  po in t  i n  t h e  e f f o r t  it seemed readi ly  obvious from a s tandpoint  of 

device y i e l d ,  t h a t  aluminum w a s  t h e  necessary choice f o r  e l ec t rode  material, The 

problem became t o  achieve good e i e c t r i c a i  contact beiweeri t h e  G a I i i  "vlob and thc al.micim 

e lec t rode .  The problem w a s  solved by adding another  ste2 i n  t h e  f a b r i c a t i o n  process .  

A new e+aporation mask w a s  cut  and s i l v e r  dots ,  smaller i n  diameter than  t h e  aluminum 

d o t s ,  were l a i d  over t h e  aluminum e lec t rodes ,  This a d d i t i a n a l  s t e p  w a s  performed 

immediately a f t e r  t h e  aluminum dots  were evaporated without removing t h e  sample from 

t h e  vacuum so  t h a t  i n t ima te  contac t  w a s  assured between t h e  aluminum and s i l v e r .  

With t h i s  conf igura t ion ,  aluminum was contiguous t o  t h e  polymer and assured a high 

sample y i e l d  while  s i l v e r  w a s  exposed i n  order t o  made good contact  with t h e  GaIn 

blob. 

e l e c t r i c a l  c h a r a c t e r i s t i c s .  

A group of samples made and t e s t e d  i n  t h i s  way showed a good y i e l d  and repea tab le  

It i s  obvious,  t h a t  any p r a c t i c a l  device cannot u t i l i z e  such a d e l i c a t e  

arrangement as descr ibed above . Research w i l l  have t o  be done t o  a s c e r t a i n  t h e  optinum 

method f o r  bonding contac ts  t o  t h e  t o p  e lec t rodes  o r  a t o t a l l y  d i f f e r e n t  conf igura t ion  

w i l l  have t o  be employed. 

Earl ier  research  on r e l a t i v e l y  t h i n  (100 1) M I M  junc t ions  showed t h a t  t h e  
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I device y i e l d  w a s  an extremely s e n s i t i v e  function o f  s u r f a c e  smoothness and p repa ra t ion .  

On a number o f  occasions good ground g l a s s  s u b s t r a t e s  proved t o  be t o o  rough t o  

support  a success fu l  device.  For t h i s  reason much thought w a s  given t o  t h e  pre- 

p a r a t i o n  of  t h e  s i l i c o n  fu r f ace  t o  minimize sample f a i l u r e  due t o  su r face  i r r e g u l a r i t i e s .  

During t h e  p re sen t  research p e r i o d  commercially prepared s i l i c o n  of  both P and N t y p e  

i n  t h e  moderatively low r e s i s t i v i t y  range (QlOncm) w a s  available f o r  experimentation. 

These wafers had been mechanically and chemically po l i shed  and, upon i n s p e c t i o n ,  were 

found t o  possess  high q u a l i t y  su r faces .  Another group o f  wafers of N t ype  s i l i c o n  

i n  t h e  lOO-5OOQcm range were prepared i n  t h e  lab.  

and p o l i s h i n g  t h e s e  samples and, i n  g e n e r a l ,  the  results were d i s sappo in t ing ,  Most 

wafers had su f fe red  some work hardening a t  tne s u r f a c e  and, when ciiernicaiiy polished, 

proved t o  be f a i r l y  p i t t e d  when examined under a lOOX microscope. The samples which 

were mechanically po l i shed  but  not  chemically e tched appeared t o  have b e t t e r  su r -  

f a c e s  than  t h e i r  chemically po l i shed  counterpar ts .  A t  t h i s  po in t  it w a s  f e l t  t h a t  

b u i l d i n g  success fu l  MIS devices on any of these high r e s i s t i v i t y  samples would prove 

t o  be a m a t t e r  o f  luck.  

Some t i m e  w a s  expended l app ing  

It w a s  f e l t  t h a t  much of t h e  inconsistancy i n  t h e  data from t h e  e a r l y  samples 

was due t o  poor con tac t s  t o  t h e  back s i d e  of  t h e  semiconductor s u b s t r a t e s .  Any 

r e c t i f i c a t i o n  a t  t h i s  j u n c t i o n  would se r ious ly  a f f e c t  t h e  V-I  c h a r a c t e r i s t i c s  and 

mask any dep le t ion  e f f e c t s  at  t h e  insulator-semiconductor i n t e r f a c e .  Some a t t e n t i o n  

w a s  given t o  t h e  problem of a s s u r i n g  t h a t  t h e  back s i d e  con tac t  t o  semiconductors 

s u b s t r a t e  w a s  ohmic. Such a contact  can be made by several methods. They are: 

1. a )  For an N t ype  semiconductor, use a m e t a l  wi th  a smaller work func t ion  

t h a n  t h e  semiconductor i t s e l f  (%Lev f o r  S i ) ;  and f o r  P type  use a m e t a l  

w i t h  a l a r g e r  work funct ion.  
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b. While obeying c r i t e r i o n  ( a )  a l s o  choose t h e  meta l  so t h a t  if it 

were t o  be used as a dopant, it would e n t e r  N t ype  material as a 

donor; f o r  p t y p e ,  use a metal which would e n t e r  as an acceptor ,  

2. Dope t h e  semiconductor i n  t h e  immediate v i c i n i t y  o f  t h e  contac t  l o c a t i o n  

t o  t h e  poin t  of degeneracy. Most m e t a l s  w i l l  then  form an  ohmic contac t  

t o  t h i s  region.  

The second method suggests  t h a t  t h e  ease wi th  which an ohmic contact  i s  formed 

i s  i n  some way proport ioned t o  t h e  doping densi ty .  This was observed with t h e  samples 

ranging i n  r e s i s t i v i t y  from lOQ cm. t o  500Q cm.; . the lower r e s i s t i v i t y  material w a s  

f a i r l y  easy t o  contact  while t h e  high r e s i s t i v i t y  proved e s p e c i a l l y  d i f f i c u l t .  

a l l  cases  , the s i l i c o n  was processed through a s iandard cieaiiiiig cycle vhich 

immediately preceeded any attempt at  making contact  ( b o i l i n g  t r i ch lo roc they lene  

degrease , b o i l i n g  n i t r i c  a c i d  s t r i p ,  de-ionized water r i n s e ,  hydro f lo r i c  a c i d  oxide 

s t r i p ,  de-ionized water r i n s e ,  methanol r i n s e ,  f i n a l  c lean i n  b o i l i n g  t r i choro l thy lene  

vapors.  ) 

I n  

Three s p e c i f i c  methods were attempted t o  make ohmic contac t  t o  t h e  s i l i c o n  

s u b s t r a t e s  ranging from 100 cm. t o  5OOn c m .  These methods were descr ibed b r i e f l y  be- 

low wi th  observed results. 

1. A simple evaporated coa t ing  of aluminum w a s  deposi ted on N type  S i  and 

s i l v e r  on P type ,  This method proved successful  wi th  t h e  lOQ cm. samples and l i t t l e  

r e c t i f i c a t i o n  w a s  observed but  showed only l imi ted  success with t h e  medium and high 

r e s i s t i v i t y  materials. 

2. A layer of n i c k e l  w a s  first deposited on an N type  sample i n  a s tandard  

e l e c t r o l e s s  p l a t i n g  process.  

It w a s  be l ived  t h a t  t h e  baking process  w o u l d  d i f f u s e  some o f  t h e  phosphorous, an 

The sample was then  heated t o  about 5OO0C f o r  1 / 2  hour. 
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i n e v i t a b l e  impuri ty  of t h e  N i ,  i n t o  t h e  semiconductor a small d i s t ance  and provide a 

b a s i s  f o r  ohmic con tac t .  The oxide on t h e  N i  coa t ing  was then  removed and a second 

a p p l i c a t i o n  of N i  w a s  made. 

lOn cm and 5OO.Q cm samples. 

This process provided good e l e c t r i c a l  con tac t  t o  both 

3. A t h i n  l a y e r  o f  GaIn e u t e c t i c  was spread on t h e  back s i d e  of t h e  N t ype  

samples immediately a f t e r  t h e  su r face  cleaning procedure,  F a i r  contac t  w a s  made 

t o  t h e  lOQ cm and 10052 cm material but  only poor contac t  was made wi th  t h e  50052 cm 

samples. It w a s  found t h a t  t h e  q u a l i t y  o f  the  con tac t s  could be g r e a t l y  improved if 

a s o l i d  p i ece  sf t h e  e u t e c t i c  ( a  s l u s h  a t  room temperature  I composed of both l i q u i d  

and s o l i d  phases)  was f i r s t  used t o  rub or sc ra t ch  t h e  S i  su r f ace  and then  a l a y e r  o f  

t h e  l i q u i d  p o r t i o n  "painted" on. 

D . EXPERIMENTAL RESULTS 

For t h e  most p a r t ,  t h e  experimental  r e s u l t s  dur ing  t h i s  pe r iod  may be divided 

i n t o  two groups (1) t h o s e  t echno log ica l  s t eps  necessary t o  f a b r i c a t e  and t e s t  success fu l  

devices ,  ( 2 )  d a t a  gleaned from t e s t i n g  completed devices .  

conta in  most o f  t h e  f ind ings  concerning t h e  device technology. This s e c t i o n  w i l l  con- 

cern i t s e l f  w i th  d a t a  ga thered  from t h e  samples themselves.  Almost a l l  of  t h e  samples 

which y i e lded  d a t a  were,  i n  one way o r  another ,  compromises wi th  what w a s  descr ibed 

previous ly  as perhaps t h e  i d e a l  sample. Representat ive of t h i s  d a t a  a r e  t h e  results 

from five samples included below. 

The previous s e c t i o n s  

Figure #1 shows t h e  c h a r a c t e r i s t i c s  o f  a sample b u i l t  on P t y p e ,  1 0  cm. mechanically 
0 

po l i shed ,  S i  wi th  an evaporated Ag back e l e c t r o d e ,  A 1  and Ag t o p  e l e c t r o d e  and a 120 A 

i n s u l a t o r .  S a t u r a t i o n  i s  observed i n  t h e  reverse  bias conf igu ra t ion ,  however t h e  

cu r ren t  through t h e  device is unusual ly  high f o r  a 120 A i n s u l a t o r  and capaci tance 

measurements were accompanied by a very high d i s s i p a t i o n  f a c t o r  (Q . 5 ) .  

0 

Subsequent 



at tempts  t o  reproduce t h e  above d a t a  with seve ra l  o t h e r  samples b u i l t  i n  e x a c t l y  t h e  

same way f a i l e d  i n  t h a t  s a t u r a t i o n  w a s  never seen, 

Figure #2. This sample w a s  b u i l t  on 10R cm, N t ype  mechanically po l i shed  S i  with 
0 

a N i  p l a t e d  backside con tac t ,  A1 and Ag t o p  e lec t rode  and a 150 A i n s u l a t o r .  A s  can 

be seen,  t h e  two b i a s  p o l a r t i e s  a r e  somewhat symmetric and no s a t u r a t i o n  i s  seen i n  

t h e  r eve r se  d i r e c t i o n .  The s lope  of  t h e  c h a r a c t e r i s t i c  i s  r a t h e r  shallow owing t o  t h e  

th i ckness  of t h e  i n s u l a t o r .  

(%.OS). 

The d i s s i p a t i o n  f a c t o r  of t h e  device i s  moderately low 

It i s  a p o s s i b i l i t y  t h a t  t h e  low d i s s i p a t i o n  f a c t o r  may be t h e  r e s u l t  of a 

b e t t e r  i n s u l a t o r  o r  backside contac t  than  t h e  sample i n  f i g u r e  1. 

Figure 3 and 4 show t h e  data from t w o  d i f f e r e n t  samples f a b r i c a t e d  i n  i d e n t i c a l  

ways. Both samples d i f f e r  from t h e  one described immediately above i n  t h a t  t h e s e  had 

evaporated A1 back e l e c t r o d e s  r a t h e r  t han  p l a t ed  N i  con tac t s .  The cur ren t  shows some 

tendency t o  s a t u r a t e  i n  t h e  r eve r se  d i r e c t i o n  and, i n  f i g u r e  4 ,  it i s  seen t h a t  when 

t h e  r eve r se  b i a s  c h a r a c t e r i s t i c s  were r e run  a more pronounced tendency t o  s a t u r a t e  

was observed. 

MIM samples and r ep resen t s  some "memory" capab i l i t y  of t h e  polymer. 

This  "forming" c h a r a c t e r i s t i c s  of t h e  sample w a s  p rev ious ly  observed wi th  

Both samples had 

d i s s i p a t i o n  f a c t o r s  which were in te rmedia te  between those  of  t h e  samples i n  f i g u r e  1 

and f i g u r e  2. Once aga in ,  it i s  un- 

c e r t a i n  whether a c o r r e l a t i o n  e x i s t s  between the  d i s s i p a t i o n  f a c t o r  and t h e  q u a l i t y  o f  

(Sample f igu re  3, Q.07; sample f i g u r e  4, Q . 3 ) .  

t h e  i n s u l a t o r  o r  t h e  q u a l i t y  o f  t h e  i n s u l a t o r  or t h e  q u a l i t y  o f . t h e  contac t  o r  both. 

Figure 5. This d a t a  was taken  from a sample b u i l t  on SOOR cm. N t ype  mechanically 

po l i shed  S i .  The backside contac t  w a s  made by t h e  N i  p l a t i n g  method and appeared t o  

be q u i t e  good. The d a t a  taken w a s  extremely e r r a t i c  and provides  at  b e s t ,  t r e n d s .  It 

w i l l  be no t i ced  however, t h a t  t h e s e  cu r ren t s  began t o  s a t u r a t e  almost immediately when 

t h e  r e v e r s e  b i a s  was app l i ed  and, even i n  the  forward d i r e c t i o n ,  t h e  cur ren t  increased  

only s l u g i s h l y  wi th  vol tage .  
0 

The i n s u l a t o r  thickness  w a s  roughly 150 A and cannot be 

completely r e spons ib l e  for t h e  shallow s lope .  It i s  p o s s i b l e  t h a t  t h e  c h a r a c t e r i s t i c ,  

, 
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at least  i n  t h e  reverse d i r e c t i o n ,  can be explained by t h e  immediate onset of a dep le t ion  

l a y e r .  

A minimm number o f  conclusions can be  drawn from t h i s  d a t a  without t h e  b e n e f i t  

of  f u r t h e r  experimentation. 

1) The s lope  of  t h e  V-I c h a r a c t e r i s t i c s  a t  low b i a s  levels i n  e i t h e r  p o l a r i t y  
0 

was gene ra l ly  p r e d i c t a b l y  shallow due t o  t h e  th i ckness  o f  t h e  i n s u l a t o r  (150 A ) .  This 

p o r t i o n  of t h e  s l o p e  could be s teepened by decreasing t h e  fi lm t h i c k n e s s .  

No s a t u r a t i o n  e f f e c t  was observed i n  t h e  "forward" b i a s  conf igu ra t ion .  2 )  This 

w a s  an expected r e s u l t .  

3) The ma jo r i ty  of samples showed only a w e a k  tendency t o  saturate i n  t h e  ' 'reverse' '  

d i r e c t i o n  and t h e  s a t u r a t i o n  took t h e  form o f  a graciuai deci-easliig dcpcndency ef 

cur ren t  on v o l t a g e ,  not  a sha rp  break where t h e  cu r ren t  through t h e  device i s  independent 

o f  t h e  app l i ed  b i a s .  Since 1 0 R  cm., mechanically po l i shed  S i  s u b s t r a t e s  were used, it 

i s  f e l t  t h a t  t h e  s u r f a c e  s ta te  d e n s i t y  was s u f f i c i e n t l y  high t o  prevent t h e  formation 

of an ex tens ive  dep le t ion  r eg ion  wi th in  t h e  range o f  b i a s  t h a t  could be put on t h e  

device.  

4) Two samples showed s a t u r a t i o n  as p red ic t ed  by theo ry .  The d i f f e r e n c e  

between t h e  performance of t h e s e  and t h a t  of t h e  ma jo r i ty  of  samples could be due 

t o  a d i f f e r e n c e  i n  t h e  wafer surface p repa ra t ion ,  t h e  q u a l i t y  o f  t h e  e l e c t r o d e  contact  

t o  t h e  semiconductor, t h e  i n s u l a t o r  o r  any of a number o f  f a c t o r s .  

*E. SUMMARY 

E a r l y  a n a l y s i s  of some recen t  d a t a  not included i n  t h i s  r e p o r t ,  add some o rde r  

t o  t h e  seemingly confused f a c t s  presented above. It would appear t h a t  t h e  10R cm. 

sample i n  f i g u r e  2 and t h e  5OOQ cm. sample i n  f i g u r e  5 are r e p r e s e n t a t i v e  o f  p o s s i b l e  
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l i m i t i n g  cases .  That i s ,  t h e  sur face  s t a t e  dens i ty  of  t h e  10R cm. mechanically 

pol i shed  samples i s  high enough t o  p r e v e h  the es tab l i shment  of  a deple t ion  reg ion  

before  t h e  c r i t i c a l  breakdown f i e l d  of t h e  i n s u l a t o r  i s  reached while  t h e  su r face  

s t a t e  dens i ty  of t h e  5OOn cm. material i s  small enough t o  cause t h e  formation of  a 

dep le t ion  l a y e r  almost immediately upon app l i ca t ion  of  t h e  b i a s .  This most r ecen t  

work i n d i c a t e d  t h a t  samples f a b r i c a t e d  on N type ,  80-ieon cm. S i  with GaIn backside 

con tac t s  s a t u r a t e d  t o  var ious  degrees and with var ious  sharpnesses  i n  t h e  r eve r se  

b i a s  condi t ion .  Work i s  p r e s e n t l y  being ca r r i ed  out  t o  cons t ruc t  and t e s t  samples 

of t h i s  t ype  and t o  determine how t o  optimize t h e  d e s i r e d  V- I  c h a r a c t e r i s t i c s .  

Much of t h e  progress  repor ted  here  has  t o  do wi th  techniques which a r e  p r o p r i e t a r y  

and not  r e a d i l y  a v a i l a b l e  i n  t h e  l i t e r a t u r e .  The second six months will have t h e  

scheduled for a re-examination of a v a i l a b l e  sources  of information t o  provide as 

many new gu ide l ines  as c a n  be made ava i lab le .  
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111. CHEMICAL VAPOR DEPOSITION 

A. INTRODUCTION 

The development of methods for t h e  chemical va o r  depos i t i on  of  uniform d 

and s t a b l e  t h i n  f i lms  o f  d i e l e c t r i c s  with a wide range of  c h a r a c t e r i s t i c ,  e s p e c i a l l y  

high d i e l e c t r i c  cons t an t s ,  i s  t h e  o b j e c t i v e  of t h i s  phase of  t h e  program. 

m a t e r i a l s  may func t ion  i n  s e v e r a l  r o l e s  i n  d i g i t a l  devices .  

them i s  t o  f i n d  c l a s s e s  of behavior which are compatible t o  tunne l ing  d i g i t a l  t r a n s -  

ducers by having a c h a r a c t e r i s t i c  response t o  an e x t e r n a l  s t imu lus .  

D i e l e c t r i c  

The purpose o f  i n v e s t i g a t i n g  

The r e p o r t  covering t h e  pe r iod  from January 1 t o  June 30, 1967 d e a l t  i n t o  a 

t h e o r e t i c a l  development of  chemical vapor deposi t ion.  The r e p o r t  d i scusses  b a s i c  

k i n e t i c  cons ide ra t ions ,  vapor p l a t i n g  requirements,  a proposed depos i t ion  appara tus ,  

t h e  advantages of chemical vapor depos i t i on ,  and thermodynamics cons idera t ions  which 

l e a d  t o  t h e  determinat ion of t h e  optimum operat ing condi t ions  and provide a powerful 

t o o l  f o r  analyzing new chemical t r a n s p o r t  processes .  

B. FILM DEPOSITION 

During t h i s  pe r iod  a cons iderable  amount has been accomplished i n  going from t h e  

previous t h e o r e t i c a l  t rea tment  t o  t h e  current  s t a g e  of  growing d i e l e c t r i c  films. The 

system descr ibed  i n  t h e  previous r e p o r t  was designed and b u i l t .  

experimental  system. 

t h e  g raph i t e  from decomposing when hea ted .  The temperature  sensor  i s  an i n f r a r e d  

r a d i a t i o n  pyrometer which i s  focused through a quar tz  window onto  t h e  s u b s t r a t e  sur-  

face .  An rf induct ion  c o i l  surrounding t h e  quar tz  depos i t ion  chamber hea t s  t h e  g raph i t e  

susceptor .  

t un ing  i n  o r d e r  t o  ob ta in  coupling t o  hea t  t he  suscep to r  t o  t h e  requi red  temperature .  

However, t h i s  gene ra to r  i s  now matched t o  where it w i l l  hea t  t h e  susceptor  t o  1100 C 

Figure 6 shows t h e  

The g raph i t e  susceptor  was coated  wi th  s i l i c o n  n i t r i d e  t o  prevent  

The rf genera tor  i s  a 1 kw, 300 kHz u n i t  which r equ i r ed  c r i t i c a l  i n i t i a l  

0 
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or b e t t e r .  

temperature low enough t o  l i m i t  depos i t ion  t o  t h e  susceptor  s u b s t r a t e .  

r e g u l a t o r s ,  r egu la t ing  va lves ,  and flow e t e r s  provide t h e  necessary r e g u l a t i o n  and 

con t ro l .  

t i t a n a t e ,  which i s  a l i q u i d  at room temperature.  

The water  j acke t  surrounding t h e  r e a c t i o n  chamber keeps t h e  quar tz  w a l l  

P ressure  

A gas washing b o t t l e  serves  as t h e  vapor izer  f o r  t h e  r e a c t a n t ,  t e t r a i s o p r o p y l  

Current work i n  t h e  l abora to ry  has  concentrated on using hydrogen g a s ,  carbon 

dioxide g a s ,  and an organometal l ic  , t e  t r a i sop ropy l  t i tanate .  The r eac t ions  a r e  : 

H2 + Cog + H20 + CO 

and 

T i  ( O C - H - ) ,  + 2H20 + TiO, f 4ZH,CHOHCH, 
3 'r 4 r: 3 J 

The t h i n  d i e l e c t r i c  f i l m  i s  deposi ted on a platinum coated quar tz  s u b s t r a t e .  

The pol i shed  quar tz  d i s c s  (I. inch diameter x 1/16 inch t h i c k )  a r e  c leaned i n  a 

potassium dichromate and s u l f u r i c  a c i d  g l a s s  c leaning so lu t ion .  They a r e  then  r i n s e d  

s e v e r a l  t imes i n  deionized water ,  r j n sed  i n  methanol, b o i l e d  i n  t r i c h l o r e t h y l e n e ,  and 

then  s t o r e d  i n  t r i c h l o r .  

vacum system at t o r r  pressure .  The sample i s  then  p laced  i n  t h e  depos i t ion  

chamber. 

The sample i s  heated t o  t h e  des i r ed  temperature and t h e  gases  a r e  introduced.  The 

parameters i n  use a t  t h e  present  t ime a r e :  

The platinum i s  then evaporated onto t h e  qua r t z  i n  t h e  

The system i s  then  f lushed  out with 2 l/rnin of  H e  gas f o r  s e v e r a l  minutes.  

H2 : 538 cc/min 

C02 : 243 cclmin 

He across  T i  (OC3H7)4  : 4600 cc/min 

Temperature of  T i  (OC H ) 

Temperature of subs t r a t e  : 85OoC 

: 100°C 
3 7 4  
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The th ickness  of t h e  film i s  determined approximately from t h e  i n t e r f e r e n c e  

co lo r s  which a r e  o.bserved on t h e  sample a s  the  f i l m  grows. 

t h i c k  a r e  grown i n  about 30 minutes w i t h  t h e  above c o n d i t i o n s ,  

Films approximately 2000 A 

The sample i s  now 

ready f o r  t h e  depos i t ion  o f  t h e  upper metal  e lec t rode .  Evaporated aluminum dots  were 

used f o r  t h i s  purpose at f i r s t .  However, considerable d i f f i c u l t y  w a s  experienced i n  

making contac t  t o  t h e  A 1  dot .  Success was achieved by evapora t ing  a small s i l v e r  dot 

on t o p  of t h e  Al dot .  Then t h e  probe with a dot of InGa p a s t e  can be lowered onto t h e  

sample. The InGa wets t h e  Ag and makes good contact  t o  it. The InGa would not wet t h e  

A 1  alone.  

Sketch below shows t h i s  arrangement. 

Contact i s  made t o  t h e  bottom Pt  e l ec t rode  by sc ra t ch ing  through t h e  i n s u l a t o r .  

- Top Electrode Ti02 
P t  

Quartz 

Method of Making Contacts t o  M I M  Devices 

Some problems have been encountered i n  t h e  f i l m  growth process .  One of t hese  

problems i s  t h a t  of ob ta in ing  an even growth r a t e  across  t h e  su r face  of  t h e  sample. 

A t  f i r s t  t h e  gases  tended t o  flow down t h e  walls o f  t h e  chamber and a "dead spot" 

vas  formed at  t h e  c e n t e r  o f  t h e  sample where t h e  growth rate was r e t a r d e d .  The system 

w a s  modified and t h e  gases  d i r e c t e d  toward t h i s  s p o t ,  bu t  t hen  t h e  growth w a  s faster 

a t  t h e  c e n t e r  than  a t  t h e  edges. This has  been co r rec t ed  somewhat but add i t iona l  work 

needs t o  be done toward obta in ing  a u n i f o m  growth r a t e  across  t h e  e n t i r e  sample. 

Another problem i s  t h a t  of system contamination. Af t e r  s e v e r a l  samples have been 

made a white powdery deposi t  forms gn t h e  walls of t h e  r e a c t i o n  chamber and t o  some 
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e x t e n t  i n  t h e  mixing chamber and some o f  t h e  gas l i n e s .  

p e r i o d i c a l l y ,  t h e  r e s u l t i n g  samples e x h i b i t  poor e l e c t r i c a l  p r o p e r t i e s .  

i s  e a s i l y  removed by r i n i s i n g  with a weak s o l u t i o n  of  hydro f lo r i c  a c i d  and deionized 

water. 

If t h i s  i s  not removed 

This deposi t  

C. FILM PROPERTIES 

The eva lua t ion  o f  t h e  film p r o p e r t i e s  i s  s t i l l  at an e a r l y  s t a g e .  Many of t h e  

problems which have hampered work i n  t h i s  area,  such as w e v e n  growth, system contamination 

and making contact  t o  t h e  t o p  e l e c t r o d e ,  have been overcome and t h e  program i s  j u s t  at 

t h e  beginning s t ages  o f  g e t t i n g  reproducable sample d a t a  on t h e  film p r o p e r t i e s .  The 

area o f  t h e  t o p  e l e c t r o d e  varies from -79  t o  .93 mm depending on t h e  mask used. The 

t h i c k n e s s  o f  t h e  samples t e s t e d  ranged from 1200 t o  2100 angstzoms. 

p e r  u n i t  area i s  about 2 - 0  p f / i n  . 
most of  t h e  samples t e s t e d .  

t o  1 5 %  with t h e  average n e a r  10%. 

most samples breaking down a t  under 2 v o l t s .  It i s  be l i eved  t h a t  t h e  reason for t h i s  

may be t h a t  t h e  Ti02 i s  non-stoichiometric.  

which case it would e x h i b i t  some semiconducting p r o p e r t i e s ,  

hea t ing  i n  oxygen atmosphere t o  b u i l d  up t h e  oxygen i n  t h e  film. 

be t h e  case  t h e n  t h e  r e a c t a n t  concentrat ions w i l l  be changed t o  add more oxygen t o  

t h e  mixture.  This procedure i s  t o  be t r i e d  immediately. A t  1 . 5  vdc t h e  leakage 

c u r r e n t  w a s  1 . 6  X 

Martin' r e p o r t s  t h e  following values f o r  amorphous Ti0 : d i e l e c t r i c  c o n s t a n t ,  90; 

d i s s i p a t i o n  f a c t o r ,  2.6%; breakdown vo l t age ,  1 O V ;  capaci tance p e r  u n i t ,  1 . 0  p f / i n 2 ;  

dc leakage r e s i s t a n c e ,  1 .67 X 10" ohms, 

2 

The capaci tance 

The d i e l e c t r i c  constant  ranged from 40 t o  60 f o r  

The d i s s i p a t i o n  f a c t o r  measured at 1 kHz ranged from 6% 

2 

The breakdown s t r e n g t h  i s  disappoint ing so  far with 

The Ti0 may be oxygen d e f i c i e n t  i n  2 

This can be overcome by 

If t h i s  i s  found t o  

amps g iv ing  a dc leakage r e s i s t a n c e  of 0.94 X 10" ohms. 

X 

The above were measured a t  1 kc and f o r  
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t h i  c knes s 
0 

f 2500 A .  These films were form 

r e p o r t s  values  f o r  Ti0 prepared from TiC14 2 

2 d by a glow discharge technique.  

a s : d i e l e c t r i c  cons tan t  , 80; s p e c i f i c  

Feuersanger 

capac i tance ,  0.5 pf/cm2; d i s s i p a t i o n  f a c t o r ,  2.3%; and leakage cur ren t  of  7.7 X 10 -10 amp/cm' 

3 0 3 at  a f i e l d  of 3.5 X 10 v/cm. These f i lms  were about 1500 A t h i c k .  Lakshmanan 

r e p o r t s  capac i tance  o f  ,30 pf/cm 

films between 1000 and 1600 A t h i c k  formed by r e a c t i v e  Spu t t e r ing .  The breakdown 

vol tage  was between 2 and 10V. 

2 and d i s s i p a t i o n  f a c t o r s  of 5.5% at 1 kc for Ti02 
0 

9 The dc r e s i s t ance  were between 10 and lo1' ohms. 

From t h e  above comparisons one can see  t h a t  t h e  values  obtained i n  our  l abora to ry  

are comparable t o  f i lms  formed elsewhere by other  techniques .  The f a c t  t h a t  our  

numbers r ep resen t  a beginning attempt on a small number of samples c e r t a i n l y  shows 

promise t h a t  our f i lms  might w e l l  surpass  t hose  uf other xerkera vhen cur cptim_irm 

condi t ions  are found. 

D . OTHER RECENT WORK I N  CVD 

Considerable e f f o r t  has  been shown recen t ly  by o t h e r  workers i n  CVD. I n  

September, 1967, t h e  Mate r i a l s  Science and Technology Divis ion o f  t h e  American Nuclear 

Socie ty  and t h e  Vapo-Metallurgy Committee o f  t h e  Meta l lu rg ica l  Soc ie ty  o f  t h e  AIME 

sponsored a conference on chemical vapor deposi t ion.  The papers presented  a r e  i n  

book form. They inc lude  papers on t h e  theory o f  depos i t i on ,  methods of depos i t i on ,  

and a p p l i c a t i o n s  and eva lua t ion .  I n  November t h e  A i r  Force Materials Laboratory and 

t h e  Univers i ty  of Dayton sponsored an i n t e r n a t i o n a l  symposium on decomposition of 

organometal l ic  compounds t o  r e f r ac to ry  ceramics, metals, and metal  a l l o y s .  

1968 meeting of t h e  Electrochemical  Soc ie ty  w i l l  inc lude  a symposium on new methods 

o f  forming d i e l e c t r i c  t h i n  films. 

4 

The F a l l  
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E . ELLIPSOMETER EVALUATIONS 

Anticipated d i f f i c u l t y  i n  e t ch ing  t h e  T i 0  coupled wi th  t h e  f a c t  t h a t  t h i s  i s  a 2 

d e s t r u c t i v e  process  e l imina ted  m u l t i p l e  beam interferometry f o r  t h i c k n e s s  measurements. 

The method of e l l i p somet ry  which i s  non-destructive and capable o f  extremely high 

accuracy w i l l  be used f o r  e v a l u a t i n g  t h e  thickness  and r e f r a c t i v e  index of  t h e  films 

produced i n  t h i s  program. Work during t h i s  period involved becoming acquainted with 

t h e  techniques o f  e l l i p somet ry ,  c a l i b r a t i n g  the Gaertner e l l i p s o m e t e r  , and w r i t i n g  

a computer program which would analyze t h e  r e f l e c t e d  l i g h t  beginning with t h e  fundamental 

equat ion governing e l l i p somet ry ,  t h e  l a w  o f  reflection-,  

and F r e s n e l ' s  r e f l e c t i o n  and t ransmission c o e f f i c i e n t s .  

S n e l l ' s  l a w  o f  r e f r a c t i o n ,  

The method of e l l i p somet ry  

e s s e n t i a l l y  c o n s i s t s  of  r e f l e c t i n g  a beai  cjf e l l l ~ t i c a l l y  =oliriz.er? 1 i g h t  o f f  t h e  

surface i n  ques t ion  and measuring t h e  p o l a r i z a t i o n  p r o p e r t i e s  of  t h e  r e f l e c t e d  beam. 

Among o t h e r  t h i n g s ,  t h e  p o l a r i z a t i o n  p rope r t i e s  of  t h e  r e f l e c t e d  beam depend on t h e  

t h i c k n e s s  o f  any absorbed l a y e r  on t h e  s u r f a c e .  The computer program, w r i t t e n  by 

H. G .  Rylander, 111, determines t h e  thickness  and t h e  complex index o f  r e f r a c t i o n  o f  

t h i n  d i e l e c t r i c  f i l m s  coa t ing  m e t a l l i c  s u b s t r a t e s .  The computer program has j u s t  

r e c e n t l y  been put  i n  f i n a l  form and t h e  accuracy of  it and t h e  alignment of  t h e  

e l l i p somete r  have been checked by p u t t i n g  i n  d a t a  from McCrackin5 and d a t a  measured 

f o r  s e v e r a l  S i 0  films of  var ious t h i c k n e s s  on S i .  The program and t h e  e l l i p somete r  

are now ready t o  be used t o  eva lua te  t h e  thickness  and r e f r a c t i v e  index of  t h i n  

d i e l e c t r i c  films. 

2 

F. FUTURE WORK I N  CVD 

There are s e v e r a l  t h i n g s  which w i l l  be done i n  t h e  immediate f u t u r e  i n  t h i s  work, 

The f irst  of t h e s e  w i l l  be t o  ox id i ze  t h e  T i 0  films and vary t h e  depos i t i on  parameters 

i n  an attempt t o  o b t a i n  a s to i ch iomet r i c  film and a f i lm  which e x h i b i t s  b e t t e r  e1.ectr ical  

2 
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p r o p e r t i e s .  Chemical a n a l y s i s  data w i l  be taken t o  determine t h e  exact  composition 

of  t h e  film. 

t h i s .  When b e t t e r  films are obta ined  then  more e l e c t r i c a l  data must be taken  t o  s tudy 

t h e  conduction mechanisms and d i e l e c t r i c  p rope r t i e s  pf t h e s e  f i l m s ,  

The e l e c t r o n  probe or neutron i r r a d i a t i o n  techniques w i l l  be used for 
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I V .  POLYMER DIELECTRIC INVESTIGATION 

A. INTRODUCTION 

The value o f  polymer t h i n  f i lms  as i n s u l a t i n g  materials i n  MIS s t r u c t u r e s  have 

been g r e a t  enough t o  ju s t i f ' y  an systematic  i n v e s t i g a t i o n  o f  t h e  c h a r a c t e r i s t i c s  which 

are important t o  t h e  p r o j e c t .  development of a technique f o r  growing 

reproducable films with c o n t r o l l e d  t h i c k n e s s ,  measurement of  capac i ty  and d i s s i p a t i o n  

f a c t o r  as a func t ion  of  frequency, and measurement o f  t h e s e  parameters with aging. 

This s e c t i o n  o f  t h e  r e p o r t  covers t h e  measurement of  t h e s e  p r o p e r t i e s  and some 

prel iminary a n a l y s i s  of  t h e  r e su l t s .  

This  has  l e a d  t o  

B FREQUENCY DEPENDENCE OF POLYMER DIELECTRICS 

1. Desc r ip t ion  of  Experiment 

a. Fabr i ca t ion  

Metal-Polymer-Metal c a p a c i t o r s  a re  formed by polymerizing s i l i c o n e  

diffusion-pump o i l  vapors on a metal s u b s t r a t e  and evaporat ing a 

metal f i l m  t o p  e l ec t rode  after the  f i l m  w a s  grown t o  t h e  d e s i r e d  

t h i c k n e s s .  The d e t a i l s  are described i n  Vols I and I11 of t h e  

F i r s t  Annual Report. Both crossed-str ips  and three-dot conf igu ra t ions  

are used. The attachment of  e l ec t rodes  t o  i s o l a t e  do t s  has proved more 

damaging t o  t h e  polymer than when con tac t  i s  made a t  t h e  ends of  t h e  

c ros sed  s t r i p s .  

b .  Measurement 

A gene ra l  Radio Capacitance-Measuring Assembly Type 1620-~ w a s  used 

t o  measure t h e  capaci tance and t h e  d i s s i p a t i o n  f a c t w  of  t h e  samples. 

The b r idge  i s  designed t o  cover a frequency range from 20Hz t o  20 KHz 
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continuously and two s t e p s  f o r  50 KHz and 100 KHz, It covers a capaci tance 

range of  10 p f  t o  a maximum o f  lpf without any extermal s t anda rd  

c a p a c i t o r .  

at 1 KHz with an accuracy of  * ( O . l %  + 10  PPM). 

a s h i e l d  case and co-axial  cables used t o  connect t h e  sample t o  t h e  

br idge.  The cab le s  were kept as s h o r t  as p o s s i b l e  t o  reduce l e a d  

capaci tance , even though, t h e  lead capaci tance w a s  s t i l l  s i g n i f i c a n t ,  

it was measured t o  be 8 p f  and was sub t r ac t ed  from t h e  i n d i c a t e d  cap- 

a c i t a n c e s .  

The d i s s p a t i o n  f ac to r  from 1 PPM t o  1 may be r ead  d i r e c t l y  

The samples a r e  put i n  

On a l l  measurements, t h e  input s i g n a l  was kept a t  0.1V t o  a s s u r e  

t h e  f i e l d  more t o  o rde r  of  magnitude below breakdown l e v e l  and consquently,  

measurements have been p o s s i b l e  without any chance whatever o f  i nc iden t  

breakdown o r  i o n i z a t i o n  phonomena. The constant  i npu t  s i g n a l  vo l t age  

a lso prevented t h e  reading from errors due t o  t h e  change of  v o l t a g e ,  

because t h e  capaci tance i s  voltage dependent. All samples are measured 

i n  a i r .  Therefore it i s  required t o  measure t h e  samples immediately 

a f t e r  being taken out from t h e  vacuum system and f i n i s h  i n  s h o r t e s t  

p e r i o d  t o  avoid t h e  p o s s i b l e  v a r i a t i o n  due t o  aging e f f e c t .  

The b r idge  measures t h e  capacitance , Cp, and d i s s i p a t i o n  f a c t o r ,  

D,  of an e f f e c t i v e  p a r a l l e l  combination of  capaci tance and r e s i s t a n c e .  

No c o r r e c t i o n  i s  necessary f o r  analyzing t h e  sample i n  p a r a l l e l  equivalent  

model. 

2.  Experimental Resul ts  o p  Numerous Samples 

Over 100 samples have been made t o  r e f i n e  t h e  technique and g e t  enough d a t e  

t o  e s t a b l i s h  t r e n d s .  
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a. Capacitance vs Frequency 

Figure 7 i s  t y p i c a l  o f  t h e  capaci ty  of MPM s t r u c t u r e s .  

of  a f e w  percene from 200 Hz t o  100 Hz w i t h  a break about 2-3Khz i s  

common t o  a l l  samples. 

as determined from t h e  known area and d i e l e c t r i c  constant  and checked 

aga ins t  t h e  growing time. 

The t o t a l  change 

0 
The thickness  of  t h i s  p a r t i c u l a r  sample i s  143A- 

b. D i s s ipa t ion  Factor  vs Frequency 

Figure 8 i s  t h e  d i s s i p a t i o n  f a c t o r  f o r  t h e  same sample showing an 

i n c r e a s e  which becomes no t i cab le  about 3KHz and appears t o  have an  

i nc reas ing  s lope  out t o  t h e  l i m i t  of t h e  range. 

c.  Percent Capacitance Change, Many Samples 

Figure 9 i s  t h e  capaci tance change normalized as % Capacitance about 

200Hz. Each curve i s  fo r  a d i f f e r e n t  t h i c k n e s s ,  but t h e r e  i s  no 

systerzatic t r e n d .  This discourage5hasty gene ra l i za t ions  on s e p a r a t e  

s u r f a c e  and bulk e f f e c t s ,  although it must be r e a l i z e d  t h e r e  i s  some 

unce r t a in ty  i n  t h e  th i ckness  as c a l c u l a t e d .  Separable s u r f a c e  and 

bulk e f f e c t s  cannot be s a i d  t o  be unresolvable a t  t h i s  p o i n t .  

d. D i s s ipa t ion  Factor  vs Frequency, Many Samples 

Figure 1 0 a g a i n  shows a consis tent  t r e n d  i n  t h e  value o f  D with f r e -  

quency. I n  a l l  cases  a constant value a t  low f requencies  i s  

e s t a b l i s h e d  and an inc rease  near 3KHz. The r i s i n g  p o r t i o n  doe5 not 

appear t o  have a s t r a i g h t - l i n e  asymptote which discourages a simple 

RC model. 

C.  AGING CHARACTERISTICS OF POLYMER DIELECTRICS 

1. Descript ion of  Experiment 

a. Aging Set-up 
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Samples t o  be aged are s t o r e d  i n  a i r  a t  room temperature  i n  p l a s t i c  

boxes. Some have been s t o r e d  i n  a 10  micron vacuum f o r  several days 

and showed l i t t l e  tendency t o  age u n t i l  removed t o  t h e  a i r .  Aging 

then  proceeded as i f  it were a f r e s h  sample. The s e p a r a t i o n  o f  dry 

a i r  and w e t  a i r  e f f e c t s  and t h e  measurement o f  aging r a t e  with temp- 

e r a t u r e  are incomplete bu t  w i l l  use a s imilar  approach. 

b .  Measurement 

The measurements a r e  i d e n t i c a l  t o  those  p rev ious ly  descr ibed,  s o  t h e  

only v a r i a t i o n  r e f l e c t e d  i n  t h e  d a t a  i s  t h e  e f f e c t s  o f  aging. 

2. Experimental Results on Cross-Type Samples 

a. Capacity vs Time 

F i g u r e l l s h o w s  t h e  capaci ty  of  s e v e r a l  samples of  t h i ckness  between 

1 1 2  A and 280 A changed a few percent i n  a f e w  days and l e v e l e d  o f f .  
0 0 

b. D i s s i p a t i o n  Factor  vs T i m e .  

Figure 12shows a uniform t r e n d  i n  a l l  samples with an i n i t i a l  drop i n  

2-3 days,  a l e v e l  value unt i l  about 2 weeks had e l apsed ,  t hen  a r i s e  

over  a p e r i o d  of a week then  a leve l  value a f te r  t h a t .  A l l  d i s s i p a t i o n  

f a c t o r  and capac i ty  vs t ime measurements were made a t  1 KHz. 

3. Experimental Results on Three-Dot Samples 

a.  Capacity vs Time 

The three-dot configurat ion have an i n d i s t i n g u i s h a b l e  aging t r e n d  

from t h e  cross-type samples which i s  expected,  but  v a r i a t i o n s  i n  

t o t a l  capac i ty  between " iden t i ca l "  elements suggests  some 1oca.l  

v a r i a t i o n  i n  average th i ckness  o f  t h e  f i l m .  The d a t a  f o r  Figure // 

shows a capac i ty  spread of about 12%.  This could be accounted f o r  
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by a 6% spread i n  measuring t h e  "diameter" o f  t h e  d o t s ,  s o  does not 

completely r e so lve  t h e  quest ion of t h i ckness  uniformity.  

b .  D i s s ipa t ion  Fac to r  vs Time 

Figure13shows t h e  same behavior as Figure12 , an i n i t i a l  drop, a leve l  

value for n e a r l y  two weeks, t hen  a r i se  t o  a f i n a l  l e v e l  value a f t e r  

about 3 weeks. 

4. Precent Capacitance Change vs Thickness vs T ime  

Figures  14 and 15 show c l e a r l y  t h e  aging i s ,  a t  least  i n  p a r t ,  a bulk e f f e c t .  

Figure I /  shows a systematic  i nc rease  i n  t h e  t o t a l  capac i ty  change f o r  t h i c k e r  

samples. 

e s s e n t i a l l y  complete for a l l  thickness  up t o  280 A a f t e r  20 days. The 

Figure 15is  a re-plot  of  Figure I l w h i c h  shows t h e  aging process  i s  
0 

t h i c k e r  samples l a g  behind t h e  th inne r  ones as shown by %he drop i n  t h e  

curves f o r  s h o r t e r  per iods o f  t ime ,  

D. ANALYSIS OF EXPERIMENTAL RESULTS 
_. 'me polymer. ciitlle:Cti-lt fllz,e &ye y r h w n  t o  be a very u s e f u l  material for study 

of  MIS t h i n  f i l m  devices .  A l i s t  of p rope r t i e s  s i g n i f i c a n t  t o  t h e  program i s  given 

below : 
0 0 

1. Films from 60 A t o  1000 A i n  thickness  can be grown with e x c e l l e n t  control 

o f  growing ra te .  Thickness i n  t h i s  range can be obtained t o  w i t h i n  a few % 

of  a d e s i r e d  value. 

2 .  The f i lms  are free o f  pin-holes for  non-repl icat ing metals such as Aluminum. 

3. The polymer ages i n  a i r  t o  a s t a b l e  d i e l e c t r i c  a f t e r  about t h r e e  weeks. 

4. Capacity changes of  a f e w  percent  a r e  t y p i c a l  f o r  t h e  aging per iod.  The 

d i s s i p a t i o n  f a c t o r  changes over a much wider range during t h e  same pe r iod  

i n  a way t h a t  suggest more t h a n  one e f f e c t  i s  p re sen t .  
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5 .  Percent capac i ty  charge a t  1 KHz f o r  aged samples i s  p ropor t iona l  t o  

t h i c k n e s s .  This i s  a s t r ange  behavior but  undoubtedly r e f l e c t s  some 

s t r u c t u r a l  change i n  t h e  polymer. More measurements are needed he re .  

Both capac i ty  and d i s s i p a t i o n  f a c t o r  are func t ions  of  frequency. 

suggested i s  a r e s i s t o r - c a p a c i t o r  equivalent network i n  which t h e  d i s s i p a t i o n  

peaks at some frequency about 1 MHz. The apparent capac i ty  has  a component 

which decreases  about 5% i n  t h e  range of 200 Hz t o  100 KHz, with a 

c h a r a c t e r i s t i c  break at 3 KHz.  

6 .  The model 

7. The d i s s i p a t i o n  f a c t o r  i s  undoubtedly vo l t age  dependent i n  view of  t h e  

exponen t i a l  i nc rease  i n  charge t r anspor t  as a func t ion  o f  vol tage.  We 

observe t h a t ,  whatever t h e  charge t r anspor t  mechanisms a r e ,  t h e r e  i s  

adequate cu r ren t  flow and d i e l e c t r i c  s t r e n g t h  t o  use t h i s  polymer i n  t h e  

s tudy  of f i e l d  p e n e t r a t i o n  i n t o  a semiconductor s u b s t r a t e .  

The a n a l y s i s  of t h e  polymer f i l m  i s  continuing t o  e s t a b l i s h  phys ica l  models, 

probably inc lud ing  a Debye r e l a x a t i o n  mechanism i n  a d d i t i o n  t o  t h e  a n a l y s i s  i n  Vol .  I11 

of  t h e  F i r s t  Annual Report. 



V. OPTICAL DIGITAL TRANSDUCER CONCEPTS 

The p h o t o d i e l e c t r i c  e f f e c t  i n  semiconductors i s  i n h e r e n t l y  d i g i t a l  s i n c e  an 

op t i ca l ly - s t imu la t ed  c i r c u i t  reactance can con t ro l  t h e  frequency o f  resonance. I n  

c o n t r a s t ,  t h e  photoconductive e f f e c t  i s  inhe ren t ly  an analog response. The frequency 

change can r e a d i l y  be i n t e r p r e t e d  d i g i t a l l y  while t h e  conduc t iv i ty  change i s  p r i m a r i l y  

i n t e r p r e t e d  as a change i n  analog cv r ren t  or power l e v e l .  

The p h o t o d i e l e c t r i c  e f f e c t  has been s tud ied  i n t e n s i v e l y  i n  t h e  E l e c t r o n i c  

Materials Research Laboratory under DOD and NASA sponsorship.  

f a c t o r y  theo ry  has been de r ived  t o  account f o r  t h e  behavior ,  which i s  a low-temperature 

e f f e c t .  The e f f e c t  i s  seen i n  two c l a s s e s  of electrodynamic behavior of photo-induced 

c a r r i e r s ;  (1) f r e e  e l e c t r o n  (and h o l e )  i n e r t i a  f o r c e s  being i n t e r p r e t e d  as a c a p a c i t i v e  

component i n  a microwave f i e l d ,  and ( 2 )  t rapping of  e l e c t r o n s  and h o l e s  i n  s t a t e s  

which have inc reased  p o l a r i z a t i o n  due t o  lower binding energy. The theo ry  of  t h e  c l a s s  

(1) above w a s  t rea ted  i n  Vo1. 11, pp 44-54 of t h e  Annual Report and i n  Bibliography, 

A t  p re sen t  a satis-  

1,2 i t e m s  91-98 o f  t h e  same volume. Addit ional  references are given i n  t h i s  r e p o r t .  

A. FREE ELECTRON MODEL 

The f r ee -e l ec t ron  model has 

-2 
1 

6 w  = WGE 

where 6 w / w  i s  r e l a t i v e  frequency change of a c a v i t y  containing t h e  semiconductor 

sample, G i s  t h e  f i l l i n g  f a c t o r ,  cl i s  t h e  l a t t i c e  d i e l e c t r i c  c o n s t a n t ,  and E 

t h e  p h o t o d i e l e c t r i c  s h i f t  i n  d i e l e c t r i c  constant as given i n  Eq V-2. 

i s  4J 

2 2  
Here € * / E  i s  t h e  complex re la t ive d i e l e c t r i c  c o n s t a n t ,  w = w ( 1 - w  / w  ) ,  T is t h e  

w L P 
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c a r r i e r  momentum r e l a x a t i o n  t i m e ,  and t h e  plasma frequency i s  given by w = (ne 2 /m*c E )I-' P 0 1  
f o r  t h i n  c y l i n d r i c a l  samples. The expression f o r  E becomes 

l4J 

where n i s  t h e  d e n s i t y  o f  free c a r r i e r s .  f 

I n  materials l i k e  S i  and G e  t h e  f r e e  c a r r i e r  dens i ty  at 4.2'K i s  very s m a l l  i n  

t h e  absence of  l i g h t ,  t y p i c a l l y  10  9 an'3 or l e s s ,  which means t h e  plasma frequency 

i s  w e l l  below t h e  frequency o f  measurement, t y p i c a l l y  1GHz. 

p ropor t iona l  t o  l i fe t ime and i n c i d e n t  l i g h t  power, with a t o t a l  s e n s i t i v i t y  of  about 

lOKHz p e r  m i l l i w a t t  p e r  cm2 f o r  a wafer 1 cm i n  diameter and 1 mm t h i c k  i n  t h e  c a v i t y  

conf igu ra t ions  shown i n  Fig V-1. 

Op t i ca l  d e n s i t i e s  a r e  

Power absorpt ion can be der ived i n  terms of  t h e  abso lu te  value P , or 

i s  t h e  absolute power without i l l u m i n a t i o n  value at a r a t i o  P /P where P 
0 0 

n T 
2 2  - E E  - E W Q E $  R2 

2 2 --f l + w  T 2 P =  
J, 2 W  T 

2m*c1 L 
L 

and 

o r  P" 

6 w  

L 

1 t w 2T2 1 Lo 
G 

2 E  % - = E J I  - 
2 2  w 

W T  0 
E 

0 
P 

PO 

t h e  r e l a t i v e  

(v-4) 

where E i s  t h e  sample e l e c t r i c  f i e l d  assuming n e g l i g i b l e  l o s s e s  i n  t h e  c a v i t y ,  w 

and w are t h e  ze ro  l i g h t  values  of  w a n d  w r e s p e c t i v e l y ,  and both n and P include 

thermal  c a r r i e r  d e n s i t y  assumed independent of l i g h t  i n t e n s i t v .  Ea (v-6) is indenendent 

Lo 

P O  L P 0 
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of c a l i b r a t i o n  e r r o r s  a s s o c i a t e d  wi th  t h e  o p t i c a l  source and provides  c l u e s  t o  changes 

i n  E. 

sample r e q u i r e  o 

t heo ry .  

This i s  useful becasue t h e  o p t i c a l  absorp+,ion and d i f f u s i o n  processes  i n  t h e  

t o  be d i s t r i b u t e d  parameter which smears a simple f i t  of data and 
P 

Figures  V-2, V-3, and V-4 show t h e  frequency change, d i e l e c t r i c  constant  change 

and plasma frequency growth, and c a l c u l a t e d  power absorpt ion gs a func t ion  of l i g h t  

i n t e n s i t y  on S i  along with observed data. 

This i s  a t r u e  d i g i t a l  t r ansduce r  i n  the  form of a r a d i a t i o n  d e t e c t o r .  The 

bandwidth i s  several megacycles and both s e n s i t i v i t y  and bandwidth can be c o n t r o l l e d  

by s e l e c t i o n  o f  t h e  semiconductor parameters.  

t o  choice simply by s e l e c t i o n  o f  m a t e r i a l s .  

response a t  g r e a t e r  t han  5 microns i f  t h e  c r y s t a l  i s  h igh ly  pure.  

Op t i ca l  wavelength i s  a l s o  s u b j e c t  

For example InSb would have u s e f u l  

Applicat ion of such a d e t e c t o r  would be i n  o p t i c a l  sensing such as i n f r a r e d  

mapping. The scanning rate could be h ighe r  t han  wi th  many pho tosens i t i ve  materials 

and a wide range of wavelengths would be ava i l ab le .  Addit ional  r e sea rch  w i l l  be 

needed t o  completely understand and c a t a l o g  t h e  materials which can be useu i n  t h e  

f r e e - c a r r i e r  mode. An i d e a l  s e t  of  ma te r i a l s  would be t h o s e  with graded bandgaps 

and recombination l ifetimes which are con t ro l l ed  by t r app ing  l e v e l s  i n  optimum p laces  

i n  t h e  bandgap. 

B. TRAPPED-CARRIER MODEL 

Class ( 2 )  behavior has been observed i n  cadmium sulphide and opens a d i f f e r e n t  

I n  silver-doped cadmium sulphide (CdS :Ag) t h e  

due t o  Cd 

group o f  materials t o  i n v e s t i g a t i o n .  

bandgap i s  2.58 ev and has a dominant hole  t r a p  s ta te  a t  1 . 0  ev above E 

vacancies ,  and an e l e c t r o n  t r a p  0.35 eu below Ec. 

o f  shal lower t r a p s  between t h e  s i l v e r  l e v e l ,  Ea’ and t h e  conduction band edge. 

v 
I n  a d d i t i o n  t h e r e  i s  d i s t r i b u t i o n  

A t  
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0 

4.2'K bandgap l i g h t  ( i n  t h e  range 4800-6000 A)  has t h e  o v e r a l l  e f f e c t  of  t r a n s f e r r i n g  

e l e c t r o n s  t o  t h e  Ag leve l ,  and t r app ing  holes  a t  t h e  Cd vacancy l e v e l  E . 
recombination can no longer  t a k e  p l ace  t h e  r e s u l t  i s  a permenant , or photographic,  

change i n  c r y s t a l  p o l a r i z a t i o n ,  at least  until t h e  c r y s t a l  i s  r e tu rned  t o  a h ighe r  

temperature.  

extremely long l i fe t imes,  hence can be extremely s e n s i t i v e .  

Since 
9 

This c l a s s  o f  behavior p l aces  mater ia ls  at our d i s p o s a l  which have 

I n  p r i n c i p l e  t h e  same 

behavior can be expected i n  o t h e r  compounds semiconductors but  a longer  wavelengths. 

Figure V-5 shows t h e  frequency change over a pe r iod  of  s e v e r a l  hours with constant 

i l l u m i n a t i o n ,  

The t r apped  c a r r i e r  d i f f e r e n t i a l  equation t o  a complex d i e l e c t r i c  constant 

s imilar  t o  Eq. ( V - 2 )  

E = E  t 4~~ = E + A E ~  - jAc: ( v-7 ) 
E +  

€ r TO 1 
- =  

0 

The change A€; i s  due t o  t h e  change i n  p o l a r i z a t i o n  o f  e l e c t r o n s  e x c i t e d  t o  t r a p s  a t  

s ta tes  with energy E j ,  or 

J 

I 
I where An 

c a r r i e r  i n  t h e  t r a p .  

i s  t h e  inc rease  of c a r r i e r  densi ty  and w 

>> w w e  s implify t o  

i s  t h e  resonant  rrequency o f  t h c  
j o j  

Since w 
0 

E + 2  

3 
1 e 

2 
0 w 

AcA = 

and 
2 3 

2 ( 4nso) (Ec - Ej) 
4 -' 

= -  2 

e o j  m* 0 

( v-9 1 

( v-IO ) 
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The summation over j includes a l l  e l e c t r o n  t rapping states up t o  E which inc ludes  

t h e  dominant Ag level  along with a d i s t r i b u t i o n  o f  de fec t  and r e s i d u a l  impuri ty  

s ta tes .  When t h e  t r a p s  f i l l ,  presumably from t h e  deepest-lying s t a t e s  t o  t h o s e  

c l o s e s t  t o  E a c i r c u l a t i o n  with t h e  conduction band causes a r a p i d  i n c r e a s e  i n  

photoconduct ivi ty .  

f o r  t h e  same sample, The free c a r r i e r  densi ty  i s  t o o  small t 9  be observed u n t i l  over 

20 minutes have e l apsed  and then  t h e  growth i s  very ev iden t .  A t  4.2OK t h e  same t r e n d  

i s  expected d i sp laced  only i n  t i m e .  

C 

C 

Figure V-6 r e f l e c t s  t h i s  by t h e  photoconduct ivi ty  d a t a  a t  77OK 

C. PHOTODIELECTRIC DIGITAL TRANSDUCER 

This phase o f  research has been a s i g n i f i c a n t  development s i n c e  it suggests  

an immediate a p p l i c a t i o n  t o  NASA programs i n  v i s i b l e  and i n f r a r e d  d e t e c t o r s .  This 

work i s  completely new, with t h e  first report  of p h o t o d i e l e c t r i c  e f f e c t s  i n  semi- I 

conductors made by Arndt and Hartwfg, Subsequent work i n  t h i s  l a b o r a t o r y  has brought 

t h e  understanding t o  near  ma tu r i ty .  A systematic  Search will be s t a r t e d  t o  optimize 

material p r o p e r t i e s  so  t h e r e  i s  a choice of wavelengths, s e n s i t i v i t i e s  and response 

times f o r  s p e c i f i c  app l i ca t ions .  Among o the r  quest ions t o  be  i nves t iga i e i i  Is tks 

range of  temperatures  over  which t h e  p h o t o d i e l e c t r i c  e f f e c t  could be used. 

materials r e sea rch  i s ,  hopeful ly ,  going t o  be funded more generously from s e p a r a t e  

sources .  

under NGR-44-012-043, 

The b a s i c  

The development of d i g i t a l  t r ansauce r s  can then  be p a r t  of  t h e  program 
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120 

loo I 

Fig. V-2 

Frequency Change i n  KHz f o r  a 525 ohm-cm N-Type S i l i c o n  

Wafer a t  290 MHz and 810 MHz, and a 60 ohm-cm P-Type 

Germanium Wafer at 272 MHz and 787 MHz a t  4.2'K 
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I 

V I .  NEW DIGITAL DATA STORAGE PRINCIPLE I 

, 
The sub jec t  o f  t h e  g r a n t ,  Research on D i g i t a l  Transducer P r i n c i p l e ,  i s  concerned I 

with gene ra t ion  of  d i g i t a l  information. 

During t h e  p a s t  decade t h e  f i e l d  of information s t o r a g e  and r e t r i e v a l  has  expanded 

at an enormous r a t e  s i n c e  t h e s e  srstmes l i m i t  t h e  o v e r a l l  c a p a b i l i t y  of information 

processing i n  many important s i t u a t i o n s .  Mme information i s  being s t o r e d  and pro- 

cessed every y e a r  and t h e  requirements f o r  data s t o r a g e  i n  computer memories and 

l i b r a r y  f i l es  have reached t h e  l i m i t s  of  t h e  present  ( conven t iona l )  systems. 

e x i s t  a cu r ren t  need f o r  memories of  lo9 -lo1' b i t s  capac i ty  and such l a r g e  memories 

are v i t a l  f o r  t h e  important f i e l d s  o f  p a t t e r n  r ecogn i t ion  and f o r  a r t i f i c i a l  i n t e l l i g e n c e .  

The l a r g e  capac i ty  o f  t h e s e  qemories urgent ly  r e q u i r e s  a new method o f  extremely h igh  

dens i ty  information s to rage .  The most promising ones are using e l e c t r o n  or l a s e r  beams 

f o r  t h e  information s to rage  and retrieval which permits  d e n s i t i e s  of 10 bibs/cm . 

There 

8 2 

A new member o f  t h e  l a b o r a t o r y  staff  had been engaged during t h e  p a s t  2 1 / 2  

yea r s  i n  demonstrating t h e  f e a s i b i l i t y  of the magneto-optic memories with d e n s i t i e s  

l i m i t e d  only by t h e  wavelength of l i g h t .  

concluded by him at t h e  J e t  Propulsion Laboratory under 

has  demonstrated t h e  f e a s i b i l i t y  of i n f o m a t i o n  s t o r a g e  d e n s i t i e s  of  

u s ing  Curie-point w r i t i n g  and Faraday e f f e c t  on NnBi t h i n  f i l m s .  

c e r t a i n  drawbacks , including d e s t r u c t i o n  temperature only 60 K above t h e  Curie-point 

and extreme d i f f i c u l t i e s  of e p i t a x i a l  preparat ion,  There e x i s t s  a cu r ren t  need f o r  

b e t t e r  materials which are e a s i e r  t o  prepare i n  o rde r  t o  advance t h e  development of  

magneto-optic memories. The immediate need i s  f o r  ferromagnetic materials o f  low 

This e f f o r t  w a s  r e c e n t l y  s u c c e s s i u i i y  

NASA sponsorship.  He 

8 2 b i t s / cm 10 

This m a t e i a l s  has 

0 

o p t i c a l  l o s s e s  , l a r g e  Faraday r o t a t i o n ,  l a rge  magnetic anisotropy with t h e  easy a i i s  I 
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perpendicular  t o  t h e  plane of t h e  f i l m ,  and Curie Tempera$ures between 50 and 500°C. 

There i s  a l a r g e  groyp of i n t e r m e t a l l i c  compounds ( c o n s i s t i n g  o f  t r a n s i t i o n  metel  

elements combined with S 

s t r u c t u r e  o f  t h e  N i A s  (or o t h e r  hexagonal) type,  and consequently,  l a r g e  anisotropy 

i f  ferromagnetic.  

and magneto-optic p r o p e r t i e s  of t h e s e  m a t e r i a l s ,  

Se Te , P,  AS , Sb 9 B i  si , and G e )  wi th  known c r y s t a l  

There i s ,  however, l i t t l e  o r  nothing known about t h e  magnetic 

I 

It i s  t h e  purpose o f  h i s  research program t o  s tudy t h e  th in - f i lm  p r e p a r a t i o n  

techniques,  and t h e  magnetic and magneto-optic p r o p e r t i e s  o f  many of t h e s e  meteitc. : i .y 

wi th  t h e  u l t i m a t e  g o a l  of  even tua l ly  being able t o  ' l c u s t m  tai loi ."  t k  : : - c : q ~ i r e ~  -+TO.-. 

p e r t i e s  f o r  d i f f e r e n t  + p l i c a t i o n s ,  bu t  s e l e c t i v e l y  rnixirg o r  8.opirng ,+i.~:f'i?e~en'G 

s t a r t i n g  m a t e r i a l s  

Thin films of  t h e  c o n s t i t u e n t  materials w i l l  be evaporated s e q u e n t i a l l y  i n  

-6 vacuum of 30 t o r r  on a s u b s t r a t e .  The s u b s t r a t e s  w i l l  be chosed t o  p e r n i t  e m i t a x i a l  

growth o f  t h e  compound. Mica i s  t h e  most promising material at t h e  moment. After 

t h e  s e q u e n t i a l  evaporat ion,  t h e  s u b s t r a t e  w i l l  be h e a t - t r e a t e d  i n  vacuum ( anG m;p,ne't?'.c 

f i e l d  i f  necessa ry )  t o  permit :  

each o t h e r  and ( 2 )  e p i t a x i a l  c r y s t a l  growth of t h e  compound. 

f i n i s h e d  f i l m s  w i l l  be between 500 and 5000 Angstroms, depending on t h e  optic?!.: 

l o s s e s .  The p r e f e r r e d  t h i c k n e s s  i s  such t h a t  t h e  o p t i c a l  t ransmission i s  ijel,wcerl 

10  and 30%. 

( S i 0  o r  o t h e r  i n e r t  m a t e r i a l s )  t o  prevent oxidation o r  moisture eWec-Ls i n  ord.i.n 

atmosphere. 

(1) diffusion of  t h e  two s t a r t i n g  ~i~ait..~.la.ls i.ilt,-> 

The th i ckness  of t h e  

The films w i l l  be covered i n  vacuum with a t h i n  protecti.iTe p s s i v e  li;.yer 

The observable  o p t i c a l  p r o p e r t i e s  of the films w i l l  be s t u d i e d  with CL high- 

power p o l a r i z e d  l i g h t  microscope, measuring o p t i c a l  t r ansmiss ion  

and obse rva t ion  of domain s t r u c t u r e .  The crystal lo-graphic  p r o p e r t i e s  w i l l  t hen  

be s t u d i e d  w i t h  a v a i l a b l e  X-ray d i f f r a c t i o n  equipment. 

anisotropy and Curie Temperature, as w e l l  as magneto-op3ical p r o p e r t i e s  as 

Faraday i^oLL?,tion :, 

I n  a d d i t i o n  t h e  magnetic 
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a func t ion  of temperature ,  w i l l  be s t u d i e d  w i t h  equipment t o  be b u i l t  in-house. 

It i s  expected t h a t  t h i s  program on d i g i t a l  t ransducers  at  The Univers i ty  o f  

Texas and t o  respond t o  t h e  need f o r  b e t t e r  d i g i t a l  systems by NASA. Since t h i s  

work i s  being done i n  c l o s e . c a l l a b o r a t i o n  w i t h  a l l  phases of t h e  e x i s t i n g  programs 

i n  t h e  l a b o r a t o r y ,  we hope t o  assist where p o s s i b l e ,  a t  l e a s t  u n t i l  it becomes s e l f -  

s u f f i c i e n t .  
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